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Abstract
Ewing’s sarcoma (ES) is a malignant tumor that can be defined by the 
characteristic chromosomic translocation t(11;22)(q24;q12), which then leads 
to the formation of the fusion protein EWS-FLI1, responsible for malignant 
transformation. The expression of many genes can be modified by EWS-FLI1 
in ES, including EZH2 (Enhancer of Zeste, Drosophila, Homolog 2). This 
methyltransferase is a member of the Polycomb group genes, which are 
capable of inducing epigenetic modifications that silence or induce target gene 
expression. EZH2 is part of the Polycomb Repressive Complex 2 (PRC2), 
which inhibits DNA transcription by adding a trimethyl group to histone H3. 
This provides a mechanism by which EZH2 can participate in generating 
conditions that help maintain the cell at a stem-like state. 
While expression of EWS-FLI1 in primary cells has not been successful, 
primarily due to an oncogenic stress response, mesenchymal stem cells 
(MSCs) were able to survive and successfully express EWS-FLI1. Therefore, 
it is likely that plasticity is important for cells to sustain overexpression of 
EWS-FLI1. Thus, inducing EZH2 expression could possibly increase cell 
permissiveness to EWS-FLI1 expression.
This work shows that, following transduction of fibroblasts with EZH2, 
primary cells become more permissive and are capable of expressing EWS-
FLI1. Thus, EZH2 provides a permissive environment for oncogenic 
transformation.
Keywords: Cancer - epigenetics - Ewing’s sarcoma - transformation - permissiveness.
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Introduction
1. Pediatric tumors: Ewing’s sarcoma family of tumors
Cancer is the second leading cause of death among children in the U.S., just 
after accidents. Developing cancer during childhood remains rather rare, with an 
incidence of just above 16 per 100’000 people per year under the age of 20, and 
prognosis has significantly improved in the last 40 years. The causes leading to 
cancer in children remain unclear, although research is pointing toward a multicausal 
etiology, as complex interactions between environmental and genetic factors are 
believed to be linked to tumorigenesis (1). Therefore, prevention of pediatric tumors 
is a challenge yet to be addressed. Nevertheless, research has led to a better 
understanding of the mechanisms behind cancer and has helped improve 
treatments and outcome. For instance, leukemia and lymphoma are the most 
frequent cancers in children, accounting for about 60% of all cancer between the 
ages 0 and 18 years, and outcome has drastically improved with an actual average 
of 70% 10-year survival rate for the most frequent blood cell malignancies (2). In 
contrast, primary bone tumors, which are less common and account for 5% of all 
pediatric malignancies, bear a much poorer prognosis, with 5-year survival rates as 
low as 20% for metastatic osteosarcomas (3).
Among childhood malignancies, Ewing’s sarcoma (ES) counts as one of the 
most aggressive ones with a 5-year survival rate of less than 30% in some severe 
cases (4). This malignancy was first described by James Ewing in 1921 as a 
radiosensitive undifferentiated tumor of long bones. Further analysis of various 
tumors with histological and immunochemical features similar to those of ES, such 
as peripheral Primitive Neuroectodermal Tumor (PNET) or Askin tumor, helped 
define a group of neoplastic diseases under the Ewing Sarcoma Family Tumor 
(ESFT) denomination, which are all small round blue cell tumors (5).
ES is the second most common primary bone malignancy of children after 
osteosarcoma (6). Incidence of ES is the highest among children between 10 to 15 
years of age, with a slight male predominance. Long bones of the extremities and 
pelvis are most commonly involved, but ES can also occur in soft tissues. Even 
though under one fifth of patients are clinically metastatic at time of diagnosis, 
mortality is high, primarily due to relapse that occurs in up to 90% of cases. 
Metastasis is suspected to occur early in disease progression likely due to single 
tumor cells that have left the bulk and disseminated in the body before the time of 
diagnosis. Lungs and bone marrow are the two main sites of metastases. 
Since the introduction of systemic chemotherapy as standard treatment, 
survival rate has dramatically risen from 10% to up to 75% for localized tumors (7). 
The current standard treatment involves a multidisciplinary approach: surgery is 
combined to multidrug chemotherapy and radiation therapy (6). Hopefully, further 
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and deeper understanding of ES biology will ultimately lead to new selective, 
targeted and more efficient therapies using less toxic agents.
2. Cellular and molecular biology of Ewing’s sarcoma
There is much debate around the cellular origin of ES. The first hypothesis 
suggested a neural origin, in part because common markers can be found on ES 
cells and neural crest cells and because ES cells could undergo neural differentiation 
(8). However, as ES can involve bones or soft tissue, it is conceivable that ES could 
derive from more multipotent undifferentiated cells. Recent data provide evidence 
that ES probably derives from mesenchymal stem cells (MSCs), which can 
differentiate into adipocytes, chondrocytes and osteoblasts, express neural markers, 
and are known for being capable of migrating from bone marrow to extraskeletal 
sites (9).
Several non-random chromosomal changes have been described in ESFT and 
all involve EWSR1 (Ewing sarcoma region 1), a gene found on chromosome 22. In 
more than 85% of all ES cases, EWSR1 is fused to FLI1 on chromosome 11 after 
translocation t(11;22)(q12;q24) to encode the 68kDa aberrant chimeric protein EWS-
FLI1 (figure 1), located in the cell nucleus (10). This fusion is a signature of ESFT 
(11).
EWSR1 encodes a ubiquitously expressed protein, member of the TET gene 
family, containing a RGG (arginine - glycine - glycine) repeat region, that binds RNA. 
It regulates transcription by interacting with RNA Polymerase II (RNA PolII) and 
various transcription activators or repressors. EWS is also believed to be involved in 
gene splicing (12). Knock-down of EWSR1 in mice leads to an arrest in 
hematopoietic stem cell (HSC) growth and renewal (13).
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Figure 1. Schematic representation of the EWS-FLI1 chimeric protein as a result 
from the t(11;22) translocation. The C-terminal portion of transcription factor EWS is 
fused to the N-terminus of FLI-1, which contains the DNA-binding domain. The diagonal 
lines show the possible locations of breakpoint regions and various sequences juxtaposing 
the fusion points found in ESFT. Based on (11).
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FLI1 (Friend’s leukemia virus induced erythroleukemia 1) is a member of the 
ETS transcription factor family, in which all members share a common C-terminal 
DNA binding domain. The malignant potential of FLI1 has been shown through 
induced overexpression of FLI1, which causes increased growth and self-renewal of 
erythroid progenitors (14). Also, the capacity of FLI1 to inhibit retinoblastoma (Rb) 
expression helps cells enter the S phase of the cell cycle. Knock-down of FLI1 leads 
to disrupted T and B cell development as well as impaired vascular endothelial 
differentiation (15).
When translocation occurs, DNA-binding properties of FLI1 joined to 
transcription activation capacities of EWS lead to either induction or repression of an 
altered gene repertoire. Candidate targets relevant for malignant transformation and 
tumor progression have been identified and include, among others, induction of MYC 
and PDGFC, which promote cell proliferation and survival, as well as repression of 
p21 and IGFBP3, helping the cell escape from apoptosis and growth inhibition (16). 
The mechanisms by which EWS-FLI1 ultimately influences expression of targets are 
not fully elucidated yet, but a study has shown that EWS-FLI1 induces RNA helicase 
A (RHA) expression, which in turn binds to EWS-FLI1 target promoters, thus 
enhancing EWS-FLI1 function (17). This shows EWS-FLI1 can act directly or 
indirectly in order to modify gene expression.
The EWS-FLI1 fusion protein acts as an aberrant transcriptional regulator, 
leading to cell differentiation arrest and oncogenesis (9). A study in which EWS-FLI1 
expression in ESFT cell lines was inhibited showed a decrease in cell growth in vitro, 
as well as in tumor forming capacity in vivo (18), pinning the tumorigenic function of 
EWS-FLI1. Expression of EWS-FLI1 can probably be modulated based on changes 
in DNA conformation such as histone methylation, an important epigenetic process.
3. Epigenetics: key to understanding cancer
Although the genetic events that underlie carcinogenesis and subsequent 
tumor progression are beginning to be well understood, it is becoming increasingly 
apparent that epigenetic modifications play an equally important and sometimes 
even dominant role. Activation of oncogenes and corresponding oncoproteins, or 
loss of tumor suppressor genes, for instance, are commonly referred to as major 
actors in cellular transformation. In most cases these events help deregulate the cell 
cycle, render cells insensitive to pro-apoptotic signals and provide them with 
autonomy with respect to growth factor signaling. In addition to this, oncogenic 
events can affect differentiation by altering epigenetic regulatory circuits that involve 
DNA and histone methylation, other forms of histone modification and microRNA 
(miRNA) biogenesis. 
The epigenetic state of primary cells is believed to determine whether they may 
or may not be permissive for oncogene-induced transformation. Thus, in depth 
understanding of epigenetically regulated cell permissiveness for oncogene 
expression and the mechanisms that regulate epigenetic changes upon 
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transformation are key steps toward developing rational mechanism-based targeted 
anti-cancer therapies. 
Polycomb group (PcG) genes encode proteins that create epigenetic 
alterations in the DNA structure. These are modifications in the genome expression 
without changes in the primary DNA sequence. PcG proteins can act through 
various mechanisms, primarily histone methylation or acetylation. Histones are 
instrumental in packaging DNA to chromosomes and can influence DNA 
transcription by modifying chromatin conformation. Thus, PcG proteins can influence 
cell division, differentiation, survival and senescence (19–22). The PcG gene EZH2 
(Enhancer of Zeste, Drosophila, Homolog 2) is over-expressed in many tumors 
including ES and has been correlated with the most aggressive forms of prostate 
and breast cancer (23,24). The Polycomb Repressive Complex 2 (PRC2), which 
contains EZH2 as its catalytic core protein, can inhibit gene expression. EZH2 is a 
methyltransferase responsible for adding a trimethyl group to lysine 27 of histone 
H3, causing a reversible repression of transcription (25). Its target genes are mostly 
regulators of cell cycle and differentiation (22,24,26,27), so that an increased 
expression of EZH2 as seen in ES will help keep the cell in a state of plasticity with 
abnormal cell growth and proliferation (10,23). We know that subpopulations of 
cancer cells are often quite similar to stem cells in regard to gene expression and 
chromatin signature (24). Therefore, we can hypothesize that plasticity induced by 
PcG EZH2 may be an important feature for transformation. Indeed, it has been 
questioned whether the increase in EZH2 expression in tumors is found because 
EZH2 is a marker of proliferation or an active contributor to transformation (16). 
4. Polycomb group genes and Ewing’s sarcoma
Attempts to induce ES formation through overexpression of EWS-FLI1 in 
human cells have failed (28). Normal primary cells do not tolerate expression of 
EWS-FLI1 and therefore die or inhibit its expression. The oncogenic stress caused 
by EWS-FLI1 leads to expression of genes inhibiting the cell cycle, thus inducing cell 
apoptosis. However, expression of EWS-FLI1 is well tolerated by certain cell types 
such as mesenchymal stem cells (MSCs) (28), which supports the hypothesis that 
MSCs are the ES initiating cells. 
Therefore, it can be expected that a stem state is critical to help the cell tolerate 
overexpression of EWS-FLI1. Furthermore, EZH2 is found to be increased in MSCs 
(28). Thus, inducing expression of EZH2 could promote cell plasticity and increase 
its permissiveness for expression of EWS-FLI1, leading to transformation. This 
action is probably indirect and is likely to be mediated by other proteins important for 
EWS-FLI1 expression.
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Specific aim of the study
The aim of this work was to investigate whether increased EZH2 expression, 
leading to newly acquired plasticity of the cell, can induce EWS-FLI1 protein 
expression in differentiated cells such as fibroblasts. Here, we induced expression of 
both genes on a human fibroblast lineage, MRC5, by cell infection with viruses 
containing the genes. RNA and protein expression levels for EWS-FLI1 were 
analyzed and compared depending on presence or absence of induced EZH2 
expression.
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Materials and methods
Cell culture 
293T cells were used as packaging cells for transfection. MRC5 immortalized 
fibroblast-like cells, originally developed from human lung tissue of a male 14-week-
old fetus after abortion, were used as target cells for infection. Cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) containing 1% penicillin and 
streptomycin (PS), 1% non essential amino acids (NeAA) and 10% fetal bovine 
serum (FBS) at 37°C under a humidified 5% CO2 atmosphere. 
Maxiprep
To obtain greater quantities of DNA, Maxiprep was performed according to the 
manufacturer’s instructions (JetStar 2.0 Plasmid Purification Kit). Plasmid 
quantification was done using NanoDrop® ND-1000 spectrophotometer (Nanodrop 
Technologies, USA).
Plasmid transfection and viral infection
MRC5 cells were infected with two different plasmids to obtain conditional 
overexpression of EZH2 and stable expression of EWS-FLI1 genes. EZH2 was 
overexpressed using the pINDUCER20 lentiviral plasmid (28). Transduced cells 
were selected for Neomycin resistance and the transcription of EZH2 gene was 
induced by the addition of doxycyclin (DOX) at the working concentration of 1:500 to 
the culture medium for 2 days. Untreated DOX samples were used as controls. 
Another lentiviral plasmid containing a Puromycin resistance gene was used to 
induce the stable expression of EWS-FLI1 gene (figure 2).
Viruses were produced by 293T cell transfection when cells were at 30% 
confluence, using FuGENE® 6 Transfection Reagent (Promega) according to the 
manufacturer’s protocol. pMD2G and pCMV∆R8.74 vectors were used respectively 
as envelop and packaging plasmids. After 48h of incubation, the supernatant was 
collected and filtered (0.45µm) in order to get rid of any residual cells and collect the 
isolated virus.
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Figure 2. Plasmid maps. A. pINDUCER20 containing EZH2 and neomycin resistance genes. B. pLIV 
plasmid containing EWS-FLI1 and puromycin resistance genes. 
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Culture medium containing the virus and Polybreene 1000x was added to the 
target cells, MRC5, at 30-40% confluence.
We proceeded to two rounds of infection (figure 3). Firstly, MRC5 were infected 
with inducible EZH2 containing lentiviruses. Secondly, MRC5EZH2 were infected with 
lentiviruses containing EWS-FLI1. Infected MRC5 underwent antibiotic selection for 
48h with puromycin and/or neomycin (G418) at concentrations of 2.5µg/mL and 
800µg/mL respectively either simultaneously or sequentially. Antibiotic 
concentrations were previously determined by testing MRC5 sensitivity to different 
doses of each antibiotic.
After MRC5 EZH2+EWS-FLI1 double infection, in presence or not of EZH2 
induction by DOX, samples were snap frozen for RNA extraction or prepared for 
protein extraction.
RNA extraction and quantitative real-time polymerase chain reaction (RQ-
PCR) assays for gene expression
Real-time PCR detects and measures the fluorescence generated by the 
amplified and accumulated specific cDNA strands throughout the course of the PCR, 
so that it is possible to quantify the relative expression of amplified transcripts during 
the log phase of the reaction.
Total RNA was extracted from MRC5 fibroblasts using TRIzol® reagent (Life 
Technologies) according to manufacturer ’s instructions. We performed 
retrotranscription on 500ng of isolated RNA, which served as template for cDNA 
synthesis using random primers (Promega, C1181). 
EZH2 (Taqman probe Hs00172783_m1, Applied Biosystems) level of 
expression was analyzed using TaqMan® transcription kit (Applied Biosystems). 
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Figure 3. Transfection and infection steps. The viruses produced by 293T cells were collected and 
added to MRC5 culture medium. Transduced MRC5 were selected with antibiotics (Neomycin and 
Puromycin) before induction. Here, only simultaneous selection is depicted. We started induction with 
DOX (100ng/µL). Each final sample ±DOX was analyzed (PCR and Western blot). 
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EWS-FLI1 expression was assessed by gene-specific Sybr green primers from 
Microsynth (see probe sequences in Table 1). RQ-PCR was performed with ABI 
Prism 7700 instrument (Applied Biosystems, Foster City, CA). Gene transcription 
was compared to that of housekeeping reference genes PP1A (Sybr green probe, 
Microsynth, see probe sequences in Table 1) or 18s (Taqman, probe 
Hs99999901_s1, Applied Biosystems). Samples were run in triplicates, and fold 
change of transcription was calculated using the ∆Ct comparative method. Equal 
amounts of cDNA were used in all experiments.
Western blot analysis
Whole cell lysates were prepared from MRC5 cultures using nuclear lysis buffer 
(50mM Tris pH 7.5, 0.5M NaCl, 1% NP40, 1% DOC, 0.5% SDS, 2mM EDTA) 
containing a protease inhibitor cocktail. Lysates were sonicated for 10 seconds. Total 
protein underwent electrophoresis through 8% polyacrylamide gel and transferred to 
a Whatman® Protran® BA83 nitrocellulose membrane for 2 hours at 250mA. 
Membranes were blocked in 5% milk in phosphate-buffer saline (PBS) containing 
0.5% tween 20 (PBST) for 1 hour, then hybridized with rabbit anti-EZH2 (Active 
Motif) and goat anti-EWS (N-18, Santa Cruz Biotechnology) antibodies at dilutions of 
1:2000 and 1:200 respectively for 1h in 2.5% milk at room temperature. Membranes 
were then washed in PBST and hybridized with horseraddish peroxidase-conjugated 
secondary goat anti-rabbit and rabbit anti-goat antibodies (Dako) in 2.5% milk for 90 
minutes at room temperature. Control of protein amount was performed with mouse 
anti-α-tubulin antibody (Calbiochem) (1:5’000) for 1 hour in 2.5% milk at room 
temperature. Bands were visualized using SuperSignal West Femto kit (Thermo 
Scientific) detection reagents. Quantification of band intensity was performed by 
calculating the ratio between band intensity of the studied protein and that of α-
tubulin in the same samples.  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Table 1. Primers used for the RQ-PCR
PP1A
Forward AACGTGTTCTTC
Reverse TTATGGCGTGTGAAGTCA
EWS-FLI1
Forward GCTAGGCGACTGCTGGTC
Reverse GTCAACCTCAATCTAGCACAGGG
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Results
Transcription of the EWS-FLI1 gene is strongly increased in the presence 
of EZH2. 
For EZH2 overexpression, we used the pINDUCER20 lentiviral plasmid (29) 
containing EZH2. In order to avoid toxicity after infection, we tried selecting infected 
cells with puromycin and neomycin in two different ways. In some samples, both 
antibiotics were added simultaneously in the culture medium after the two rounds of 
infection (sim). In other samples, we proceeded to a two-step selection. As a first 
step, we added neomycin to the culture medium after the first round of infection. 
Then, as a second step, a sequential selection with puromycin was performed 
following the second round of infection (seq). 
We first validated EZH2 induction in  DOX treated MRC5EZH2+EWS-FLI1 infected 
cells compared to untreated controls. RNA analysis with RQ-PCR showed 
successful induction of EZH2 in both (sim) and (seq) selection conditions following 
DOX treatment, with a more important induction in (sim) selected cells (figure 4). 
In spite of the basal expression of EZH2 being low in wild-type cells, a slight 
increase of its expression in MRC5+DOX was enough to cause a significant induction 
of EWS-FLI1 RNA expression (figure 4). The most important induction of EWS-FLI1 
was seen in (sim)+DOX. 
Protein expression of EWS-FLI1 rises in the presence of EZH2. 
To evaluate whether EZH2 overexpression allows the expression of EWS-FLI1 
protein, we proceeded to western blot analysis.
Protein expression of EZH2 was induced in both (seq)+DOX and (sim)+DOX cells, 
although increase in the former was more important than in the latter, with difference 
of α-tubulin to EZH2 band intensity ratios of 0.4 and 0.05 respectively (figure 5). This 
is contradictory with previous RQ-PCR results, in which EZH2 induction was more 
important in simultaneously selected samples (figure 4). 
The expression of EWS-FLI1 protein was successfully induced in DOX treated 
MRC5EZH2+EWS-FLI1 simultaneously selected cells compared to control (figure 5A). No 
expression of EWS-FLI1 was observed in (seq)+DOX samples, despite EZH2 
overexpression (figure 5B).
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Figure 5. Western blot results in MRC5EZH2+EWS-FLI1. The amounts of protein loaded on the gel were 
not the same for (sim) and (seq) samples. A. Simultaneously selected (sim)MRC5. EZH2 was induced 
after addition of DOX in culture medium, as seen with increased band intensity in +DOX samples. EWS-
FLI1 protein expression was induced de novo after EZH2 overexpression. B. Sequentially selected 
(seq)MRC5. EZH2 protein expression was slightly increased in the presence of DOX. EWS-FLI1 was 
not detectable in either induced or not induced conditions. Abbreviations: CTRL, control cells; +DOX, 
doxycyclin induced cells.
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Discussion and Perspectives
We have found that EWS-FLI1 expression is induced de novo in 
simultaneously selected MRC5 cells that overexpress EZH2, therefore confirming 
our hypothesis that PcG may increase cell permissiveness for oncogene expression. 
However, the experiment should be repeated, as we found induced EWS-FLI1 
protein expression in simultaneously infected cells, but not in sequentially selected 
samples. For more precise results, we should better calibrate the DOX induction 
conditions on cells containing the inducible plasmid alone.
There are many hypotheses as to how EZH2 and EWS-FLI1 work together. 
Recent work from our laboratory using ChIP-seq (chromatin immunoprecipitation 
sequencing) assessed epigenetic changes, focusing on the EZH2 gene portion, in 
cells isolated from ES. EWS-FLI1 was observed to bind to the EZH2 DNA sequence 
more readily in spheres than in adherent cells (figure 6). 
In order to form spheres, cells have to be grown in non-adherent conditions. 
Cells usually require adherence to survive, which means that the properties of cells 
Université de Lausanne Page    of  14 23
Figure 6. EWS-FLI1 binds EZH2 acetylated sequences in tumorigenic ES cells. Higher inputs 
shown by blue peaks translate increased binding of antibodies to the DNA strand. A. FLI1 binding to 
EZH2 gene. The maximum input was found on sphere and tumor derived cells obtained from isolated 
ES cells. Less input was seen in adherent cells, which are less tumorigenic. B. H3K27 acetylation 
markers on EZH2 gene. They were identified by specific anti-acetylation markers antibodies. Input was 
highest in sphere derived cells. Abbreviations: ES: Ewing’s sarcoma; Sph.: sphere-derived ES cells; 
Adh.: adherent ES cells; Tum.: tumor-derived cells. H3K27ac: H3K27 acetylation marker.
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found in spheres are distinct from those of differentiated cells. Indeed, spheres are 
mostly comprised of tumor-initiating cells, which possess a survival advantage. We 
assume that these tumor-initiating cells are the cancer stem cells (CSCs) from which 
the tumor bulk arises. This bulk contains both the self-renewing CSCs and their more 
differentiated progeny (adherent cells in culture). 
Anti-FLI1 antibodies bind DNA more readily in sphere-forming cells, suggesting 
that interaction between EWS-FLI1 and EZH2 is associated with an aggressive cell 
phenotype (figure 6A). Histone acetylation is a marker of active transcription of the 
associated DNA sequence. We see from figure 6B that the EZH2 sequence is more 
strongly acetylated in sphere-derived cells, meaning that transcription of this DNA 
portion is highly active in these cells. Such results support the likely critical role of 
EZH2, as it may be differentially expressed in aggressive tumor-initiating cells and 
associated with CSCs properties. 
Fibroblasts are an unlikely ES cell of origin as in order to stably express EWS-
FLI1 they require loss of either p53 (30) or p16 (31) pathways, which are not typically 
found in ES. It would be interesting though, to further evaluate the consequence of 
EWS-FLI1 expression in more differentiated cells such as MRC5 fibroblasts by 
analysis of CSCs cell surface markers, such as CD133. The next step would be to 
compare the phenotype of MRC5EZH2+EWS-FLI1 to that of MSCs expressing EWS-FLI1, 
in order to see whether EZH2 is active in the early phase of transformation of 
differentiated cells. EWS-FLI1 expression levels obtained in fibroblasts should be 
compared to that in ES tumor cells and MSCEWS-FLI1. Finally, these experiments 
should be repeated on primary fibroblasts, which would represent a more 
physiological model to understand how differentiated cells might acquire pluripotency 
and tumorigenicity by expressing EZH2 and thus creating a permissive environment 
for EWS-FLI1 expression. We could also compare life span of fibroblasts stably 
expressing EWS-FLI1, depending on EZH2 expression levels. It is conceivable that 
EZH2 facilitates survival of fibroblasts, possibly through induction of a stem cell 
state.
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Conclusion
The aim of this work was to address the role of PcG in rendering cells 
permissive for EWS-FLI1 expression. We found that EZH2 may indeed help cells 
become more permissive for expression of an oncogene such as EWS-FLI1. EZH2 
induction may be critical to allow differentiated cells such as fibroblasts to circumvent 
oncogenic stress from EWS-FLI1 expression and thus promote transformation. 
Other experiments using a large number of samples will be performed to confirm 
these results.
Observations from this work put together with other data from the laboratory 
suggest that EZH2 plays a major part in tumor cells with phenotypes similar to CSCs 
in ES. Furthermore, our data allow us to suggest that ES could arise from 
differentiated cells under the appropriate circumstances, suggesting that we cannot 
exclude the possibility that ES may originate from more differentiated cells.
Further research to achieve detailed understanding of the events linking EZH2 
to EWS-FLI1 are underway and will provide valuable information toward developing 
new possible strategies for targeting ES. Ultimately, we hope similar investigations 
can be performed on other tumor types.
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Troubleshooting
At the beginning of this work, we planned to study the role of EZH2 through a 
similar method but involving non-inducible plasmids. We produced retroviruses 
containing either EZH2 plasmid or EWS-FLI1 plasmid. The former contained a 
hygromycin resistance gene, and the latter a puromycin resistance gene. We used 
an empty hygromycin-resistant vector and then a puromycin-resistant green 
fluorescent protein (GFP) plasmid for negative control (figure 7). Using GFP as the 
final negative control allowed us to make sure infection had been successful, as cells 
appear green under UV light in the microscope. 
We followed a pattern similar to the protocol described previously, comprising 
two rounds of infection. We proceeded to antibiotic selection (hygromycin), but 
hardly any cell infected with EZH2 survived. We first thought the rate of infection was 
too low, so that only a minority of cells were able to resist the selection. We also 
hypothesized that, if the infection had been successful, EZH2 overexpression might 
be toxic for the cells. Indeed, when not selected, cells infected with EZH2 seemed to 
proliferate more slowly than those infected with the empty vector.
After the 2nd round of infection, we observed GFP-infected samples under the 
microscope. As they did emit green fluorescence, we rejected possible manipulation 
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Figure 7. 1st attempt of transfection and infection. MRC5 were infected with EZH2 or an empty 
vector during the first round of infection. In the 2nd round of infection, each sample was infected either 
with EWS-FLI1 or GFP.
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errors, because the same protocol had been followed for all transfections and 
infections.
RQ-PCR on hygromycin-selected doubly infected cells showed paradoxical 
results. Indeed, EZH2 expression was higher in control samples, as opposed to what 
should be expected. However, EWS-FLI1 expression is found only in cells infected 
with the gene (figure 8). This was another proof that lack of EZH2 overexpression in 
the samples was not due to error in manipulations but rather to the inadequacy of the 
plasmid itself.
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Figure 9. Electrophoresis of EZH2 plasmids on 1% agarose gel. A. Plasmid 1 was the 1st 
plasmid used to perform the experiments described above. Plasmid of origin is the plasmid from 
which the 1st plasmid was produced. The EZH2 band seen in the plasmid of origin is not found on 
Plasmid 1. B. Plasmids 2 and 3 were produced later from the same plasmid of origin, and show no 
sign of degradation. 
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Figure 8. Relative EWS-FLI1 and EZH2 RNA expression levels on hygromycin-selected MRC5. 
The housekeeping gene used here was PP1A. A. EZH2 expression levels were increased the most in 
cells infected with an empty vector. B. EWS-FLI1 was expressed only in cells infected with the EWS-
FLI1, showing successful infection.
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Therefore, we decided to check the integrity of the EZH2 plasmid by running 
the plasmids on 1% agarose gel. We compared the plasmid extracted at the 
beginning of the work (Plasmid 1) to the plasmid of origin from which it had been 
electroporated into bacteria. Electrophoresis revealed that the EZH2 plasmid used in 
the experiments was degraded (Plasmid 1, figure 9A). 
We electroporated another batch of bacteria using the plasmid of origin in order 
to extract new DNA. Control electrophoresis showed plasmid was conserved 
(Plasmids 2 and 3, figure 9B). To assess quality of transfection and infection with the 
newly produced plasmid, we infected both 293T and MRC5 cell lines with EZH2 from 
Plasmid 2 or an empty vector. RQ-PCR was performed on transfected and infected 
samples. EZH2 was clearly increased in transfected 293T cells, but none of the 
infected cells showed successful EZH2 infection (figure 10). Despite not being 
degraded, the EZH2 plasmid was not functional for infection.
Consequently, a new plasmid containing EZH2 had to be synthesized for further 
experiments. In order to reduce toxicity to the cells, we resorted to using an inducible 
plasmid pINDUCER20 containing EZH2. The work that followed is presented above. 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Figure 10. RQ-PCR to assess quality of transfection and infection with EZH2 plasmid. 293T cells 
were transfected with an empty vector (light pink, stroke) or EZH2 (blue, no stroke). Viruses were 
collected and used to infect two dishes of 293T cells and one of MRC5 cells. One of the 293T cell 
plates of each condition went through hygromycin selection (H-sel) to evaluate rate of infection. Results 
showed successful cell transfection with EZH2 but no induction of EZH2 was found in infected samples, 
as expression levels were the same as in control cells. The housekeeping gene used here was PP1A.
Patricia Waszyk Master Thesis
Acknowledgements
I would like to thank the entire former and present crew from the laboratory for 
their great support, precious help and very useful advice: Sandrine, Aurélie, Nils, 
Cynthia, Patricia, Emely, Tanja, Carlo, Luisa, Sabine, Phil, Marie-Aude, Anne, Paul 
and Nick. 
A special thank you to my tutor, Professor Ivan Stamenkovic for believing in me.
My warmest thank you goes to Giulia, for always being there to guide me 
through all the steps of learning to work in a lab, and for constantly supporting me 
along all the ups and downs. 
Université de Lausanne Page    of  20 23
Patricia Waszyk Master Thesis
References  
1. Lichtenstein P, Holm NV, Verkasalo PK, Iliadou A, Kaprio J, Koskenvuo M, et     
al. Environmental and heritable factors in the causation of cancer—analyses 
of cohorts of twins from Sweden, Denmark, and Finland. N Engl J Med. 
2000;343(2):78–85. 
2. Pulte D, Gondos A, Brenner H. Trends in 5- and 10-year Survival After     
Diagnosis with Childhood Hematologic Malignancies in the United States, 
1990-2004. JNCI J Natl Cancer Inst. 2008 Sep 17;100(18):1301–9. 
3. Rosenber AE. Bones, Joints, and Soft-Tissue Tumors. In: Kumar V, Abbas     
AK, Fausto N, Aster J. Robbins & Cotran Pathologic Basis of Disease. 8th 
ed. Philadelphia, PA: Elsevier Saunders; 2010.
4. DeLaney TF, Hornicek FJ, Mankin HJ, Pappo AS, Maki R, Savarese DMF.     
Clinical presentation, staging, and prognostic factors of the Ewing sarcoma 
family of tumors [Internet]. 2014 [cited 2014 Oct 9]. Available from: http://
www.uptodate.com/contents/clinical-presentation-staging-and-prognostic-
factors-of-the-ewing-sarcoma-family-of-tumors
5. DeLaney TF, Hornicek FJ, Lessnick SL, Mankin HJ, Pappo AS, Maki R, et al.     
Epidemiology, pathology, and molecular genetics of the Ewings sarcoma 
family tumors [Internet]. 2008 [cited 2014 Oct 9]. Available from: http://
www.uptodate.com/contents/epidemiology-pathology-and-molecular-
genetics-of-the-ewing-sarcoma-family-of-tumors
6. Ross KA, Smyth NA, Murawski CD, Kennedy JG. The Biology of Ewing     
Sarcoma. ISRN Oncol. 2013;2013:1–7. 
7. Balamuth NJ, Womer RB. Ewing’s sarcoma. Lancet Oncol. 2010;11(2):184–    
92. 
8. Cavazzana AO, Miser JS, Jefferson J, Triche TJ. Experimental evidence for     
a neural origin of Ewing’s sarcoma of bone. Am J Pathol. 1987;127(3):507. 
9. Torchia EC, Jaishankar S, Baker SJ. Ewing tumor fusion proteins block the     
differentiation of pluripotent marrow stromal cells. Cancer Res. 2003;63(13):
3464–8. 
10. Richter GH, Plehm S, Fasan A, Rössler S, Unland R, Bennani-Baiti IM, et al.   
EZH2 is a mediator of EWS/FLI1 driven tumor growth and metastasis 
blocking endothelial and neuro-ectodermal differentiation. Proc Natl Acad 
Sci. 2009;106(13):5324–9. 
Université de Lausanne Page    of  21 23
Patricia Waszyk Master Thesis
11. Arvand A, Denny CT. Biology of EWS/ETS fusions in Ewing's family tumors.    
Oncogene. 2001 Sep 10;20(40):5747-54.
12. Riggi N, Cironi L, Provero P, Suvà M-L, Kaloulis K, Garcia-Echeverria C, et   
al. Development of Ewing’s Sarcoma from Primary Bone Marrow–Derived 
Mesenchymal Progenitor Cells. Cancer Res. 2005;65(24):11459–68. 
13. Paronetto MP. Ewing Sarcoma Protein: A Key Player in Human Cancer. Int J   
Cell Biol. 2013;2013:1–12. 
14. Pereira R, Quang CT, Lesault I, Dolznig H, Beug H, Ghysdael J. FLI-1   
inhibits differentiation and induces proliferation of primary erythroblasts. 
Oncogene. 1999;18(8):1597–608. 
15. Spyropoulos DD, Pharr PN, Lavenburg KR, Jackers P, Papas TS, Ogawa M,   
et al. Hemorrhage, Impaired Hematopoiesis, and Lethality in Mouse 
Embryos Carrying a Targeted Disruption of the Fli1Transcription Factor. Mol 
Cell Biol. 2000;20(15):5643–52. 
16. Riggi N, Stamenkovic I. The Biology of Ewing sarcoma. Cancer Lett. 2007   
Aug;254(1):1–10. 
17. Toretsky JA, Erkizan V, Levenson A, Abaan OD, Parvin JD, Cripe TP, et al.   
Oncoprotein EWS-FLI1 activity is enhanced by RNA helicase A. Cancer Res. 
2006;66(11):5574–81. 
18. Tanaka K, Iwakuma T, Harimaya K, Sato H, Iwamoto Y. EWS-Fli1 antisense   
oligodeoxynucleotide inhibits proliferation of human Ewing’s sarcoma and 
primitive neuroectodermal tumor cells. J Clin Invest. 1997;99(2):239. 
19. Sparmann A, van Lohuizen M. Polycomb silencers control cell fate,   
development and cancer. Nat Rev Cancer. 2006 Nov;6(11):846–56. 
20. Schwartz YB, Pirrotta V. Polycomb silencing mechanisms and the   
management of genomic programmes. Nat Rev Genet. 2007 Jan;8(1):9–22. 
21. Mills AA. Throwing the cancer switch: reciprocal roles of polycomb and   
trithorax proteins. Nat Rev Cancer. 2010 Oct;10(10):669–82. 
22. Surface LE, Thornton SR, Boyer LA. Polycomb Group Proteins Set the   
Stage for Early Lineage Commitment. Cell Stem Cell. 2010 Sep;7(3):288–
98. 
23. Burdach S, Plehm S, Unland R, Dirksen U, Borkhardt A, Staege MS, et al.   
Epigenetic maintenance of stemness and malignancy in peripheral 
neuroectodermal tumors by EZH2. Cell Cycle. 2009;8(13):1991–6. 
Université de Lausanne Page    of  22 23
Patricia Waszyk Master Thesis
24. Sauvageau M, Sauvageau G. Polycomb Group Proteins: Multi-Faceted   
Regulators of Somatic Stem Cells and Cancer. Cell Stem Cell. 2010 Sep;
7(3):299–313. 
25. Cao R. Role of Histone H3 Lysine 27 Methylation in Polycomb-Group   
Silencing. Science. 2002 Nov 1;298(5595):1039–43. 
26. Bracken AP, Kleine-Kohlbrecher D, Dietrich N, Pasini D, Gargiulo G,   
Beekman C, et al. The Polycomb group proteins bind throughout the INK4A-
ARF locus and are disassociated in senescent cells. Genes Dev. 2007 Mar 
1;21(5):525–30. 
27. Kotake Y, Cao R, Viatour P, Sage J, Zhang Y, Xiong Y. pRB family proteins   
are required for H3K27 trimethylation and Polycomb repression complexes 
binding to and silencing p16INK4a tumor suppressor gene. Genes Dev. 
2007 Jan 1;21(1):49–54. 
28. Riggi N, Suvà M-L, Suvà D, Cironi L, Provero P, Tercier S, et al. EWS-FLI-1   
expression triggers a Ewing’s sarcoma initiation program in primary human 
mesenchymal stem cells. Cancer Res. 2008;68(7):2176–85. 
29. Meerbrey KL, Hu G, Kessler JD, Roarty K, Li MZ, Fang JE, et al. The   
pINDUCER lentiviral toolkit for inducible RNA interference in vitro and in 
vivo. Proc Natl Acad Sci. 2011 Mar 1;108(9):3665–70. 
30. Lessnick SL, Dacwag CS, Golub TR. The Ewing’s sarcoma oncoprotein   
EWS/FLI induces a p53-dependent growth arrest in primary human 
fibroblasts. Cancer Cell. 2002;1(4):393–401. 
31. Deneen B, Denny CT. Loss of p16 pathways stabilizes EWS/FLI1 expression   
and complements EWS/FLI1 mediated transformation. Oncogene. 2001 Oct 
11;20(46):6731-41.
Université de Lausanne Page    of  23 23
